We provide a glimpse of recent progress in meson physics made via QCD's DysonSchwinger equations with: a perspective on confinement and dynamical chiral symmetry breaking (DCSB); a précis on the physics of in-hadron condensates; results for the masses of the π, σ, ρ, a 1 mesons and their first-radial excitations; and an illustration of the impact of DCSB on the pion form factor.
1. Confinement, DCSB and in-hadron condensates. QCD is a theory whose elementary excitations are confined. Moreover, less-than 2% of a nucleon's mass can be attributed to the so-called current-quark masses that appear in QCD's Lagrangian, with the remainder being generated through dynamical chiral symmetry breaking (DCSB). Neither confinement nor DCSB is apparent in QCD's Lagrangian and yet they play the dominant role in determining the observable characteristics of real-world QCD. The physics of hadrons is ruled by such emergent phenomena, which can only be elucidated via nonperturbative methods in quantum field theory.
Confinement and DCSB can both be seen in the dressed-quark mass function, Fig. 1 , the behaviour of which is essentially nonperturbative for infrared momenta. The existence of DCSB is signalled by the rapid increase in magnitude as p decreases from 1 → 0.5 GeV. This prediction of Dyson-Schwinger equation (DSE) studies in QCD, 2,3 is confirmed by simulations of lattice-QCD. 4 The reality of DCSB means that the Higgs mechanism is largely irrelevant to the normal matter in the universe.
In analysing large momentum transfer processes it is common to use a light-front formulation of QCD. This has merit but also, apparently, a serious drawback; viz., Dressed-quark mass function used, e.g., in an extensive study of nucleon electromagnetic form factors. 1 Dynamical chiral symmetry breaking is evident in the enhancement around p = 0.5 GeV; and confinement is signalled by the inflexion point at around p = 0.25 GeV.
DCSB
has not yet been realised on the light-front. However, progress has recently been made, 9 by arguing for a shift in paradigm so that DCSB is understood as being expressed in properties of hadrons instead of the vacuum. It is contended that: the impact of all condensates is entirely expressed in the properties of QCD's asymptotically realisable states; there is no evidence that vacuum condensates are anything more than mass-dimensioned parameters in one or another theoretical truncation scheme; and condensates do not describe measurable spacetime-independent configurations of QCD's elementary degrees-of-freedom in an hadron-less ground state. This position assumes confinement, from which it follows that all observable consequences of QCD can, in principle, be computed using an hadronic basis. This suggests a solution to the problem of DCSB in the light-front formulation, illustrated in Fig. 2 . The light-front-instantaneous quark propagator can mediate a contribution from higher Fock states to the matrix elements that define the pion's pseudoscalar (ρ π ) and pseudovector (f π ) decay constants. Such diagrams connect DCSB-components of the meson's light-front wavefunction to these matrix elements. There are infinitely many such contributions and they do not depend sensitively on the current-quark mass in the neighborhood of the chiral limit. This leads to a conjecture that DCSB on the light-front is expressed via in-hadron condensates and is connected with sea-quarks derived from higher Fock states.
Confinement is signalled in Fig. 1 by the inflexion point in M (p) at p ≈ 0.25 GeV. This relationship is explained elsewhere. 5,6,7 Confinement and DCSB are intimately connected. It is natural to ask whether the connection is accidental or causal. There are models with DCSB but not confinement, however, a model with confinement but lacking DCSB has not yet been identified (see Secs. 2.1 and 2.2 of Ref. [8] ). This leads to a conjecture that DCSB is a necessary consequence of confinement.
These observations highlight that confinement is related to the analytic properties of QCD's Schwinger functions. 5,6,7 The question of light-quark confinement can thus be translated into the challenge of charting the infrared behavior of QCD's universal β-function. This well-posed problem can be addressed in any framework enabling the nonperturbative evaluation of renormalisation constants. of chiral symmetry breaking; e.g., the behaviour in Fig. 1 . Moreover, the fact that the DSEs connect the β-function to experimental observables entails, e.g., that comparison between computations and observations of the hadron mass spectrum, and hadron elastic and transition form factors, can be used to chart the β-function's long-range behaviour. In order to realise this goal, a nonperturbative symmetrypreserving DSE truncation is necessary. Steady quantitative progress can be made with a scheme that is systematically improvable 10 . In fact, the mere existence of such a scheme has enabled the proof of exact nonperturbative results in QCD. 11, 12 Alternatively, significant advances in understanding the essence of QCD could be made with symmetry-preserving kernel Ansätze that express important additional nonperturbative effects, which are impossible to capture in any finite sum of contributions. Such an approach is now available 13 . It begins with a novel form for the axial-vector BSE, which is valid when the quark-gluon vertex is fully dressed. Therefrom, a Ward-Takahashi identity for the Bethe-Salpeter kernel is derived and solved for a class of dressed-quark-gluon-vertices. The solution yields a symmetrypreserving closed system of gap and vertex equations. The analysis can readily be extended to the vector BSE, so a comparison is possible between the responses of parity-partners in the meson spectrum to nonperturbatively dressing the quarkgluon vertex. The results indicate that: spin-orbit splitting between ground-state mesons is dramatically enhanced by DCSB; 13 DCSB generates a large anomalous chromomagnetic moment as an essential part of the dressed-quark-gluon vertex; 7 and, owing to the symmetry-preserving nature of the truncation procedure, the M (p)-driven vertex corrections alter the Bethe-Salpeter kernel in such a way as to leave ground-state pseudoscalar and vector meson masses almost unchanged. 7
Motivated by this ongoing work, we employed the DSE model formulated in Ref. [14] to compute the masses of some meson ground-states and their radial excitations, with the results presented in Table 1 . The first row lists masses obtained in rainbow-ladder truncation. Of course, given the symmetry preserving nature of the truncation, in the chiral-limit m π = 0 and m σ = 2M (which follows from Eq. (14) Table 1 . Meson masses (GeV) computed using a contact-interaction DSE kernel, 14 which produces a momentum-independent dressed-quark mass M = 0.41 GeV from a current-quark mass of m = 8 MeV. "RL" denotes rainbow-ladder truncation. 10 Row-2 is obtained by augmenting the RL kernel with spin-orbit repulsion (see text); and Row-3 lists experimental masses 15 for comparison. NB. We implement isospin symmetry so, e.g., mω = mρ, m f 1 = ma 1 , etc. in Ref. [14] ), where M = 0.40 GeV is chiral-limit value of the model's momentumindependent dressed-quark mass. The second row lists values obtained with spinorbit repulsion added to the scalar and axial-vector channels, the strength of which is described by a single parameter, g SO = 0.29, fixed so as to yield m a1/f1 = 1.243 GeV.
(We emphasise that introducing g SO = 1 is an expedient that mimics those effects of a momentum-dependent mass function exposed and quantified in Refs. [7, 13] .) It will be noted that m σ increases to a value which matches an estimate for thē qq-component of this meson obtained using unitarised chiral perturbation theory. 16 It is worth emphasising that in quantum field theory as in quantum mechanics, the bound-state amplitude for a first radial excitation must possess a single zero. 11 We implement that feature via the method of Ref. [17] ; so that, e.g., the BSE for the ρ-meson's first radial excitation is the following eigenvalue problem for P 2 = −m 2 ρ * :
with: 14 m G = 0.11 GeV, a gluon mass-scale; M the model's computed dressedquark mass; to the pointwise behaviour of the interaction between quarks is the main theme of Ref. [14] . In Fig. 3 we compare F em π computed using a contact-interaction with the QCD-based DSE prediction 19 and contemporary experimental data. 20,21,22 Both the QCD-based result and that obtained from the momentum-independent interaction yield the same values for the pion's static properties. However, for Q 2 > 0 the form factor computed using ∼ 1/k 2 vector boson exchange is immediately distinguishable from that produced by a momentumindependent interaction. The figure shows that for F For Q 2 > 0.17 GeV 2 ≈ M 2 , marked by the vertical dotted line, the contact interaction result for Fπ(Q 2 ) differs from that in Ref. [19] by more than 20%. The data are from Refs. [21, 22] .
The analysis of Ref. [14] demonstrates that when a momentum-independent vector-exchange interaction is regularised in a symmetry-preserving manner, the results are directly comparable with experiment, computations based on well-defined and systematically-improvable truncations of QCD's DSEs 19 , and perturbative QCD. However, a contact interaction, whilst capable of describing pion static properties well, generates a form factor whose evolution with Q 2 deviates markedly from experiment for Q 2 > 0.17 GeV 2 ≈ M 2 and produces asymptotic power-law behaviour: Q 2 F π (Q 2 ) ≈ constant, in serious conflict with perturbative-QCD 23,24 . Notably, the contact interaction produces a momentum-independent dressedquark mass function, in contrast to QCD-based DSE studies 2,3,6 and lattice-QCD. 4 This is the origin of the discrepancy between the form factor it produces and extant experiment. Hence Ref. [14] highlights that form factors are capable of mapping the running of the dressed-quark mass function. Efforts are underway to establish the signals of the running mass in baryon elastic and transition form factors. In this connection one statement can readily be made. Bethe-Salpeter amplitudes are peaked at zero relative momentum. Hence, the domain of greatest support in the impulse approximation calculation of meson elastic form factors is that with each quark absorbing Q/2. 25 The dressed-quark mass, M (p 2 ), is perturbative for p 2 > 2 GeV 2 . It can be argued from these observations that pQCD behaviour will not be observed in meson form factors unless Q 2 > 8 GeV 2 .
Epilogue.
We have exemplified the impact of DCSB upon observables. The behaviour of the M (p) heralds DCSB; and the p-dependence manifest in Fig. 1 is an essentially quantum field theoretical effect. Elucidating its consequences therefore requires a nonperturbative, symmetry-preserving approach, where the latter means preserving Poincaré covariance, chiral and electromagnetic current-conservation, etc. The DSEs provide such a framework. Experimental and theoretical studies are underway that will identify observable signals of M (p) and thereby explain the most important mass-generating mechanism for visible matter in the Standard Model. This is an exciting time. Through the DSEs, we are positioned to unify phenomena as apparently diverse as the: hadron spectrum; hadron elastic and transition form factors, from small-to large-Q 2 ; and parton distribution functions. 26 The key is an understanding of both the fundamental origin of nuclear mass and the farreaching consequences of the mechanism responsible; namely, DCSB. These things might lead us to an explanation of confinement, the phenomenon that makes nonperturbative QCD the most interesting piece of the Standard Model.
